Type I and type II reversible photochemistry of phycoerythrocyanin α-subunit from Mastigocladus laminosus both involve Z, E isomerization of phycoviolobilin chromophore and are controlled by sulfhydryls in apoprotein  by Zhao, Kai-Hong & Scheer, Hugo
..... ' ! I  
ELSEVIER Biochimica et Biophysica Acta 1228 (1995) 244-253 
Biochi~ic~a et Biophysica A~ta 
Type I and type II reversible photochemistry of phycoerythrocyanin 
a-subunit from Mastigocladus laminosus both involve Z, E 
isomerization of phycoviolobilin chromophore and are controlled by 
sulfhydryls in apoprotein 
Kai-Hong Zhao a,b,1 Hugo Scheer a,* 
a Botanisches Institut der Universitiit, Menzinger Str. 67, D-80638, Miinchen, Germany 
b Institute of Photographic Chemistry, Academia Sinica, 100101 Beijing, China 
Received 11 July 1994; accepted 11 October 1994 
Abstract 
The a-subunit of phycoerythrocyanin (a-PEC) can exist in four states (Z-o/i, Z-o/n, E-at, E-o/n). They are connected pairwise by 
photoreversible photochromism. The type I photochemistry connecting Z-o~ I and E-o~ t, involves a I5Z /E  phototransformation, a-PEC 
showing this type of photochemistry is obtained when the subunits of PEC are separated by gel permeation chromatography in the 
presence of 63 mM formic acid, or by reduction of the o/-subunit of phycoerythrocyanin of type II reversible photochemistry with 
mercaptoethanol, a-PEC showing the recently characterized [Hong et al. (1993) Photochem. Photobiol. 58, 745-747] type II 
photochemistry connecting Z-o/ll and E-o/n can be obtained when the o/-subunit of phycoerythrocyanin of type I photochemistry is 
allowed to oxidize, or when it is treated with p-chloromercuribenzenesulfonate. The two types of reversible photochemistry of a-subunit 
of phycocoerythrocyanin are therefore controlled by the state of the two sulfhydryl group(s), viz. Cys-98,99 of the apoprotein. A 
quantitative analysis of the PCMS titration showed that modification of either one of these two cysteine residues is sufficient to inhibit 
type I photochemistry and induces type II. By treatment with mercaptoethanol or PCMS, the end products of type I and type II 
photochemistry, espectively, could be pairwise transformed into each other, showing that type II also involves I5Z /E  isomerization. The 
difference between them must be due to different interactions between phycoviolobilin and apoprotein, which can be modulated by the 
two sulfhydryls. 
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1. Introduction 
Phycobiliproteins are a class of brilliantly colored, in- 
tensely fluorescent chromoproteins, which consist of 
apoproteins and linear tetrapyrroles (phycobilins) as pros- 
Abbreviations: PBsome, phycobilisome; PEC, phycoerythrocyanin, 
this is also referred to as 'native PEC holoprotein' todistinguish it clearly 
from the a-subunit; ot-PEC, a-subunit of PEC; 15Z-PVB, 15E-PVB, 
phycovioiobilin chromophore, in the 15Z- and 15E-configuration, respec- 
tively; Pr, Ptr, phytochrome in the red and far-red absorbing form, 
respectively; M., Mastigocladus; KPP, potassium phosphate buffer; ME, 
mercaptoethanol; PCMS, p-chloromercuribenzene sulfonate; CD, circular 
dichroism. 
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thetic groups. In cyanobacteria and red algae, the phyco- 
biliproteins are arranged in highly ordered complexes, the 
phycobilisomes (PBsome). They absorb light efficiently 
and transfer the excitation predominantly to the photo- 
synthetic reaction center of Photosystem II [1-4]. Phyco- 
erythrocyanin (PEC) is an integral component of the PB- 
some antenna in several species of cyanobacteria [5]. Un- 
like other phycobiliproteins, however, isolated PEC shows 
a remarkable photochemistry [6-11]. It is photoreversibly 
photochromic, and the reactivity has been related to the 
unusual phycoviolobilin-chromophore (PVB)2 bound to 
Cys-84 on the a-subunit via a thioether linkage. The 
photochemistry of PEC and its a-subunit (a-PEC) is quite 
variable. There are two distinct types of photoreaction, I 
2 This chromophore is also referred to as PXB [26]. 
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and II, of which the former has been best characterized 
[10]. Recent studies have provided increasing evidence for 
a basic similarity of this type I photochemistry with that of 
the plant sensory pigment, phytochrome. Both involve the 
15Z/E-isomerization f the PVB chromophore (Zhao et 
al., accompanying paper [44]), and the optical properties 
(absorption, fluorescence, circular dichroism) are largely 
comparable [8,12]. PEC and other biliproteins have also 
been implicated in photomorphogenesis of cyanobacteria 
[9,13,14], but direct proof for this is still lacking. 
The type II photochemistry has only recently been 
characterized [8]. An intriguing aspect is, that isolation of 
a-PEC led to samples howing a rather variable degree of 
type I photochemistry, and that samples of type I and type 
II photochemistry may be interconvertible. One controlling 
factor is aggregation [10]. However, the extent of the two 
types of photochemistry differs considerably among differ- 
ent preparations, even if they are kept in the same state of 
aggregation [8-11,15]. Recently, we provided the first 
results indicating that four kinds of a-PEC differing in 
their photochemical behavior, can be isolated from PEC of 
Mastigocladus laminosus via isoelectric focusing [11]. This 
raised the possibility that the variations in photochemistry 
are related to structural change(s) in the apoprotein. Here, 
we present evidence that the status of the two cysteine 
residues (Cys-98 and 99) in a-PEC is a major controlling 
factor of PEC photochemistry. If they are reduced, a-PEC 
shows type I photochemistry, if one or both of them are 
modified by mercurials or oxidized, a-PEC shows type II 
photochemistry. It is furthermore shown that the type II 
photoreactions probably also involves the I5Z/E-isomeri- 
zation of the PVB chromophore. 
2. Materials and methods 
Mastigocladus laminosus was cultivated in Castenholz 
[16] medium in 300 1 batches at the Gesellschaft fiir 
biotechnologische Forschung, St/Sckheim (Germany) and 
stored deep frozen. 
PEC was prepared by chromatography on DEAE cellu- 
lose, similar to the method of Fiiglistaller et al. [17]. 
a-PEC of type I photochemistry was isolated by Bio-Gel 
P-60 chromatography of PEC with 63 mM formic acid 
(HCOOH) [17]. Iso-electric focusing (IEF) in 7 M urea 
[18,19], elution of a-PEC in 7 M urea from the IEF gel, 
and dialysis against 7 M urea containing 100 mM KPP 
(pH 7.2) at room temperature in the dark over night, 
yielded a-PEC of high type II reversible photochemistry. 
Native IEF was done as denaturing IEF except hat the gel 
was casted with doubly distilled water instead of 7 M urea. 
All dialyses were performed in the dark at 4 ° C, unless 
otherwise stated. 
The aggregation of c~-PEC was determined by ultracen- 
trifugation on sucrose gradients according to Martin and 
Ames [20]. 
Photochemistry was initiated by irradiation with a cold 
light source (Lumilux 150 W, Volpi, Denzlingen, Ger- 
many) equipped with suitable interference filters (10 nm 
fwhm). The reversible photochemistry experiments were 
generally carried out with irradiation cycles of 500-570- 
600-570-500 nm at room temperature [10,11]. Each irra- 
diation lasted 3 min. The following difference spectra were 
calculated: (a) the fifth irradiation (500 nm) minus the 
fourth (570 nm), corresponding to the type I-response, 
AAA~, and (b) the fourth (570 nm) minus the third (600 
nm), corresponding to the type II-response, AAA, 3. The 
index refers to the photochemistry type. In some cases (see 
text), an extended cycle was used involving an additional 
irradiation at 660 nm for 4 min. 
p-Chloromercuribenzene sulfonate (PCMS) (Aldrich, 
Steinheim) was kept as a stock solution (2 mM), and 
mercaptoethanol (ME) (0.5 M) was prepared freshly every 
day in doubly-distilled water. PCMS was generally added 
in a 2-fold molar excess over the two sulfhydryl groups in 
the protein. Protein concentrations were estimated via ab- 
sorption spectroscopy, unless otherwise stated. Extinction 
coefficients of c~-PEC (E562 = 96 000 cm- 1 M- 1), fl-sub- 
unit (fl-PEC) and the monomer of PEC were taken from 
Siebzehnriibl [15]. ME was added to the a-PEC solution to 
5 mM. After addition of either modification reagent, vis 
absorption spectra were recorded repeatedly until they 
were stable. 
Absorption spectra were recorded on a Lambda 2 
UV/Vis spectrophotometer (Perkin-Elmer). Circular 
dichroism (CD) was measured on a Dichrograph VI (ISA). 
The spectral band width was 0.25 nm, the scan speed 5 nm 
s 1. For CD measurements, very narrow slit widths and 
rapid scan speed had to be utilized to minimize isomeriza- 
tion of the samples during the measurement. 
Spectroscopy of denatured a-PEC (absorption, CD) 
was done as follows: native a-PEC (3 ml) in KPP (pH 7.0) 
was first centrifuged to remove any precipitate, and ab- 
sorption and CD spectra were measured. It was then 
divided into three parts which were irradiated saturatingly 
at either 500, 570 or 600 nm, and the spectra (a) recorded 
subsequently. 480 mg of urea and 12 /zl HCOOH (98%) 
were then added in the dark to each sample, and the 
spectra (b) measured. Finally, each sample was saturat- 
ingly irradiated with 500 nm light, which transformed the 
chromophore completely (> 95%) to the Z-configuration 
(Z-PVB), and the spectra (c) recorded. The amplitudes of 
the difference spectra of (c) minus (b) measure the amount 
of E-PVB present in the original sample after the first 
irradiation. A complete E-to-Z-conversion results in 
3 AAAI and AAA n were defined as before (Hong et al., 1993). 
Briefly, the amplitudes of the light-induced difference signals at 507 and 
566 nm (type I) and at 565 and 595 nm (Type II) were normalized to the 
maximum absorbance of the 500 nm irradiation-saturating form. All 
AAA values are given in %. 
246 K.-H. Zhao, H. Scheer /Biochimica et Biophysica Acta 1228 (1995) 244-253 
AAAdena t = 127%, multiplication of AAAdena t by 0.79 
gives then the amount of the E-chromophore (%) in the 
original sample. 
3. Results 
3.1. Control of photochemistry b  SH-groups 
As before [8], different preparations of a-PEC showed 
different amounts of type I photochemistry, with AAA~ 
ranging from about 20% to 100%. While its amplitude was 
controlled to some extent by buffer concentration, pH, and 
the like [11], all samples attained a high type I photochem- 
istry (> 70%) after treatment with ME (Table 1). Such 
samples maintained their high-type I photochemistry even 
after dialysing out the ME, but AAA I would decrease 
slowly again upon standing in air (by = 15% in 96 h). It 
thus appears that ME induces a slowly reversible chemical 
modification in the protein, a-PEC contains two sulfhydryl 
groups (Cys-98 and -99) [21], and they are the most likely 
targets for modification 4. They could be reduced by ME, 
and slowly oxidized by oxygen. 
The oxidation of the two sulfhydryls of a-PEC is faster 
in the denatured state, e.g., 7 M urea. So, type I photo- 
chemistry is almost lost and type II becomes prominent, if 
a denatured solution is kept aerobically at ambient emper- 
ature in the dark for 24 h, and the sample is then renatured 
by dialysing out the urea. This coincides with the observa- 
tion that isolation of a-PEC via IEF (which is carried out 
in the denatured state, in the presence of 7 M urea) under 
Table 1 
Effect of PCMS and ME on the photochemistry of different preparations 
of ot-PEC 
Sample Area x(nm) AAA l (%) AAA n (%) 
a-PEC(a) 562 29 13 
+ PCMS 563 21 14 
+ ME 564 74 10 
a-PEC(a) a 566 94 6 
+ PCMS 563 32 16 
+ ME 566 96 6 
a-PEC(b) 564 50 7 
+ PCMS 563 28 11 
+ ME 565 68 8 
a-PEC(c) 565 90 5 
+ PCMS 563 23 17 
+ ME 565 100 5 
a-PEC(c) a 566 106 4 
+ PCMS 563 25 18 
+ ME 566 106 4 
All samples were in KPP buffer (100 mM, pH 7.0). Letters a, b and c 
correspond todifferent preparations from the IEF. Before measurement, 
the samples were centrifuged to remove precipitate. PCMS was added in 
2-fold molar excess over SH groups, ME was added to 5 mM. Sample 
concentrations were < 5 /~M. All data were obtained = 1 hr after 
addition of PCMS or ME, when absorption spectra were stable. 
a Pretreated with ME. 
conditions where it is exposed to varying amounts of 
oxygen, can produce a-PEC with up to the maximum 
amount of type II photochemistry (AAA n < 17%). During 
denaturing IEF for isolation of a-PEC, oxygen concentra- 
tion was therefore kept low throughout by performing all 
manipulations under Argon. However, the IEF-chamber is 
never completely anaerobic, and the samples are expected 
to having been exposed to varying amounts of 0 2 . The 
concomitant variable degree of oxidation of SH-groups 
would then explain the variations in type I photochemistry 
observed previously. This was supported by the fact that 
type I photochemistry was highest if the IEF gel was 
degassed before application of PEC, and if all steps (appli- 
cation to the gel, IEF extraction and renaturation of a-PEC) 
were carried out at 4 ° C. Samples with type I photochem- 
istry (AAA~ = 105%) and almost without type II re- 
versible photochemistry, were also obtained when the sub- 
units of PEC holoprotein (a, /3)  were separated by gel-per- 
meation chromatography of PEC on Bio-Gel P60 columns 
in the presence of 63 mM HCOOH, a common solvent 
system for subunit separations [17]. Sulfhydryl group oxi- 
dation is inhibited in acidic media [22,23]. However, the 
yields of a-PEC were smaller and the procedure was more 
time-consuming. We therefore preferred the subunit sepa- 
ration by denaturing IEF. 
When ot-PEC samples were isolated by IEF of PEC 
holoprotein, two or sometimes even more bands could be 
observed, which all are already identifiable visually by 
their color as a-subunits. This may reflect in part a 
separation according to the presence of reduced and oxi- 
dized cysteine SH-groups: those bands with high type I 
photochemistry had consistently lower isoelectric points, 
which is expected if free SH-groups are present as com- 
pared to a disulfide group, and those bands with low-type I
and high-type II photochemistry had higher isoelectric 
points. The two chromophore configurations of PVB (15Z 
or 15E, [11], and see below) in o~-PEC may furthermore 
result in different isoelectric points. This was supported by 
native IEF of a-PEC, which always contains a mixture of 
Z- and E-chromophores: the pigment samples (several 
fractions obtained by denaturing IEF and having originally 
different amplitudes of type I (20-95%) and type II (5-  
30%) reversible photochemistry [11], were first treated 
with mercaptoethanol t  reduce both cysteines. They were 
then isoelectrically focused on a native gel plate in the 
4 The spectral changes upon standing in air are similar to the ones 
obtained with PCMS (see below). Presumably, they are due to oxidation 
of the two cysteine residues, because high type I photochemistry can 
always be recovered via reduction with ME. However, it is probable that 
there xist irreversible side reactions. Sometimes, a-PEC from IEF could 
be restored to about 100% type I reversible photochemistry, butsome- 
times only to about 80% (Table 1). In the latter case, it is possible that 
either other modifications of the apoprotein took place, or that some 
sulfhydryls were further oxidized, e.g., to sulfoxide or sulfonyl groups, 
which can no longer be re-reduced tosulfhydryls by ME. 
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Fig. 1. Titration of a-PEC (P566) with PCMS. ~7 = AAAI (left scale), 
[] = A/tA H (right scale), × = zlAApcMs (see text for definition, right 
scale). The curves were fit by a cubic spline, the crosses correspond to 
the 50% saturation values of the respective effect, the [PCMS]/[ ot-PEC]- 
value of 0.7 is the median of the three concentration ratios corresponding 
to the 50% saturation values. 
dark. All samples gave a similar IEF pattern, viz. a broad, 
somewhat structured band. The upper and lower halves of 
this broad band were scraped off separately and analysed 
for the chromophore state by comparing the amplitude of 
the first irradiation at 500 nm, with that of the reversible 
photochemistry (see materials and methods). The leading 
half of the band with a little higher isoelectric point, was 
always enriched in a-PEC with an E-chromophore (< 
55%), the second half with the smaller isoelectric point, 
was enriched in the Z-chromophore (< 90%). Although 
we never succeeded in a complete separation, this shows 
that the two isomeric chromophores convey different iso- 
electric points to the chromoprotein. 
The influence of free SH-groups on the photochemistry 
was quantified by titration of a high type I photochemistry 
sample in the P566 5 state, with the mercurial, PCMS (Fig. 
1). Three effects were used as indicators: The type I and II 
signal amplitudes, AAA I and A/tAn, respectively, and the 
slight blue shift which occurs if PCMS is added (Fig. 2, 
see below). All three effects of PCMS are fully reversible 
after addition of excess ME. All three titration curves are 
steep in the beginning and level off at higher PCMS 
concentrations. The three curves were analysed by a Monte 
Carlo program based on Poisson statistics. The following 
assumptions were made in the program: each c~-PEC can 
bind two molecules of PCMS, the binding is assumed to be 
5 The following nomenclature will be used throughout: The photosta- 
tionary states of the type I and type II photoreactions are termed PX, with 
X being the wavelength of maximum absorption in the visible range. 
Thus, the type I photoreaction connects P507 and P566, the type II 
photoreaction P561 and P563. All photostationary stated are mixtures of 
at least two of the four pure states designated Z-aI, E-aI, Z-all and 
E-all (see Fig. 6 and discussion below). 
quantitative (= large equilibrium constant), and it is inde- 
pendent on whether or not the second SH-group was 
already modified. A selectable number of molecules (N) 
was then randomly targeted until all were doubly modified. 
The number of modified molecules was then plotted against 
the number of reagent molecules added ( I)  relative to the 
number of target molecules (2N), corresponding to the 
ratio of the concentrations of reagent [PCMS] and pigment 
[ a-PEC]: 
Nmo 0 =f ( I /N)  =f (  [PCMS]/ [a  - PEC]) 
Three conditions to qualify for a successful modifica- 
tion could be selected: (a) A single hit is sufficient (Cys-98 
or Cys-99), (b) a specific site has to be hit (e.g., Cys-98, 
the results are the same for Cys-99), and (c) both sites 
have to be hit (Cys-98 and Cys-99). An analysis of the 
three cases result in different shapes of the titration curves, 
and in different amounts of reagent needed to achieve 50% 
saturation. For case (a), Nmo d changes rapidly in the begin- 
ning and approaches complete modification asymptoti- 
cally, 50% successful modifications are obtained at 
[PCMS]/[ a-PEC] = 0.59. For case (b), the curve is linear 
with a slope of 0.5, and 50% succesful modifications are 
obtained at [PCMS]/[a-PEC] = 1. For case (c), Nmo d 
changes slowly in the beginning and approaches 100% 
rapidly at the end. In this case, 50% succesful modifica- 
tions are achieved when [PCMS]/[ot-PEC] = 1.41. The 
shapes hown in Fig. 1 for the actual curves all agree with 
case (a), and the 50% value is 0.7. This indicates that a 
single modification of either Cys-98 or Cys-99 is sufficient 
to inhibit type I photochemistry, to induce type II, and to 
give the blue shift. 
One potential interference to this analysis would be a 
change in aggregation, e.g., by formation of intermolecular 
~, .15J 
o . . . . .  
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.1 
,,,.._ 
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Fig. 2. Absorption changes of type I photoactive a-PEC (P566) in KPP 
buffer (100 mM, pH 7.0) after addition of PCMS. The sample was 
pre-irradiated saturatingly at 501) rim, all subsequent manipulations were 
done in the dark. Thin line: Immediately after addition of PCMS. Heavy 
line: Stable end absorption spectrum after addition of PCMS. The sample 
was kept in the dark. Inset: Difference spectrum (final minus original). 
The ordinate was expanded 8-fold as compared to the main spectra. 
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disulfide bonds. However, ot-PEC is monomeric according 
to sucrose density centrifugation irrespective of whether it 
is treated with PCMS, with ME, or oxidized with air (data 
not shown, the analysis was done as by Fischer et al., 
[24]). While this shows that the aggregation of c~-PEC is 
different from that of c~- and fl-PC (which form dimers 
[23]), it also shows that oxidation of sulfhydryls in a-PEC 
resulting in type II photochemistry, occurs intramolecu- 
larly 6. 
3.2. Reaction mechanism oftype H reversible photochem- 
istry 
In the accompanying paper, we have shown that type I 
photochemistry involves the Z/E isomerization of PVB at 
the A15,16 double bond [11]. The question is then whether 
the type II reactions also involve a photochemical transfor- 
mation of the PVB chromophore, and if yes, which is the 
underlying difference of the two reactions? The following 
experiments show that type II photochemistry of ot-PEC 
can probably also be ascribed to a Z/E isomerization of 
PVB at the A15,16 double bond, viz. that the basic 
photochemistry is the same as in type I photochemistry. 
The difference between the two types of reversible photo- 
chemistry of c~-PEC then lies entirely in different interac- 
tions between the PVB chromophore and the apoprotein of 
a-PEC. 
In the first experiments, we tested the effect of PCMS 
on both photostationary states (P507 and P566) of the type 
I photochemistry. The effect on P566 was minor (Fig. 2). 
There is a minor increase in Arnax of the orange and the 
near-uv bands, and a slight blue-shift of the orange band. 
The difference spectrum (inset) is typical for a line broad- 
ening of the orange band. This product had a similar 
absorption (Area x= 563 nm), too, as the product P563 of 
the type II photoreaction. The effect of PCMS on P507 
(which was obtained by saturating irradiation with 570 nm 
light prior to addition of PCMS) was much larger (Fig. 3). 
Within 90 min, the peak at 507 nm was replaced by a 
broad band peaking at 560 nm, and the absorption then 
remained stable. These absorption changes look superfi- 
cially like those of the P507 to P566 conversion during the 
type I photoreaction. However, the 560 nm band absorbed 
more to the blue and was considerably broader; it was in 
fact very similar to the product P561 of the type II 
photoreaction (see Fig. 4C, thin line), the calculated and 
experimental spectra were identical within the noise (not 
shown). The difference spectrum of the final states ob- 
tained by PCMS modification of P507 and P566, e.g., 
P560 and P563, was identical to that of the type II 
photoreaction (Fig. 3B). Moreover, the PCMS effects on 
6 Although reaction with a small SH-containing compound cannot be 
ruled out completely, we consider it unlikely because xtensive dialysis 
did not change the behavior of a-PEC. 
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Fig. 3. Absorption changes of type I photoactive ot-PEC (P507) in KPP 
buffer (100 mM, pH 7.0) after addition of PCMS. The sample was 
saturatingly preiradiated at 570 nm, all subsequent manipulations were 
done in the dark. Curve a (heavy line): Initial spectrum immediately after 
addition of PCMS. The subsequent spectra (thin lines) were recorded in 
10 min intervals. Curve b (heavy line): Stable spectrum after 90 min dark. 
both samples were reversible (not shown), indicating that 
there was no change in the isomer state of the chro- 
mophore during the reaction. Finally, the different samples 
were denatured with acidic urea, a treatment which uncou- 
ples the chromophores from the protein and hence gives 
the spectral characteristics without interference from the 
protein [25]. This yielded identical spectra with P507 and 
P560, and also identical spectra with P566 and P563, 
indicating that the chromophores in these samples have 
pairwise the same molecular structures, viz. E-PVB and 
Z-PVB, respectively. Taken together, we regard these re- 
sults as evidence that the type II photoreaction also in- 
volves a Z/E isomerization of the chromophore. 
To elucidate the composition of the isomerization prod- 
ucts quantitatively, the four different products P507, P560 
(= P507 plus PCMS), P566, P563 (= P566 plus PCMS), 
were investigated after denaturation i  acid urea. As stated 
above, the chromophores are uncoupled from the protein 
under these conditions. A rough quantitation of the isomer 
composition can then be derived by deconvolution with the 
two pure component spectra for acid-denatured Z- and 
E-PVB. An better quantitation is based on the photochem- 
istry: Irradiation of an acid-urea denatured a-PEC with 
500 nm light, causes a nearly complete conversion of any 
Z/E-mixture to the Z-chromophore (see accompanying 
manuscript, [11]). By using an isomerically pure E-peptide 
(obtained chromatographically) in the same medium, a 
Az~Adena t value of 127% was obtained for a complete E to 
Z conversion; the amount of E-chromophores in any sam- 
ple can then be determined from the amplitude of the 
difference signal after 500 nm irradiation, with E[%] = 
0.79AAAdena r At the same time, the extinction coefficient 
of the E-form, relative to that of the Z-chromophore, could 
also be determined. If the latter was assumed to be identi- 
cal to that of a Z-PVB chromopeptide, viz. 38 600 M-1 
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Fig. 4. Pure quantitative absorption (A,C) and circular dichroism spectra (B,D) for the four states of a-PEC (see text for derivation of these spectra). (A,B) 
Sample of type I reversible photochemistry, obtained by treatment of a-PEC with with ME. Heavy line: Z-a], thin line: E-a v (C,D) Sample of type II 
reversible photochemistry, obtained by air-oxidation of a-PEC. Heavy line: Z-a., thin lines: E-a n. The absorption and CD spectra of Z-all and E-a. 
obtained by modification of ot-PEC with PCMS, are very similar to those of Z-a. and E-alt obtained by air-oxidation of ot-PEC (not shown). 
cm -1 [26], then the E-isomer has an e = 36000 M -1 
cm-1. Knowing the isomer composition of each state, it 
was finally possible to derive the absorption and CD 
spectra to the four native pure states (Fig. 4). The quality 
of these pure component spectra was good. If the spectrum 
of a sample for which the isomer composition had been 
determined by the above photochemical method, is com- 
pared with the calculated spectrum obtained by appropri- 
ately weighting the component spectra, they are identical 
within the noise. 
Table 2 
Photoequilibria of ot-PEC with type I and type II photochemistry, obtained by irradiations at 500, 570 and 600 nm 
Sample Pretreatment AAA] (%) AAA.  (%) Preirradiation 
A (nm) 
Isomer 
z (%) E (%) 
a-PEC (type I) ME 101 5 500 84 16 
570 14 86 
600 23 77 
a-PEC (type II) PCMS 23 17 500 72 28 
570 40 60 
600 68 32 
a-PEC (type II) O 2 13 16 500 64 36 
570 43 57 
600 69 31 
Conditions as in Table 1. 
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By this means, the following samples were analysed: 
(a) P566 obtained by saturating irradiation of a sample 
pre-treated with ME with 500 nm light, (b) P507 obtained 
from the same sample by irradiation with 570 nm light, (c) 
P563, viz. sample (a) treated with an excess of PCMS for 
100 min in the dark, (d) P560, viz. sample (b) treated with 
an excess of PCMS in the dark, (e) a PCMS-modified 
a-PEC pre-irradiated with 500 nm light (P563), and a 
similar sample preirradiated with 570 nm light (P561), (f) 
an oxidized (= high type II photochemistry) sample pre- 
irradiated with 500 nm light, and a similar sample pre- 
irradiated with 570 nm light. Isomer compositions obtained 
under these conditions are summarized in Table 2. 
The following results were obtained from these experi- 
ments: (1) The isomer composition of the type I-photo- 
chemistry samples (a,b) remains unchanged if they are 
converted with PCMS in the dark to samples c and d, 
respectively. (2) The maximum amounts of Z- and E-iso- 
meric a-PEC obtainable by irradiation, are roughly the 
same for type I and type II photochemistry. (3) The 
component spectra of type II-photochemistry are identical 
within the error limits for the oxidized samples (f), and for 
samples treated with PCMS (e). 
3.3. Photochemistry ofnative PEC holoprotein 
In order to correlate changes in the a-subunit o those 
in larger aggregates, the reversible photochemistry was 
also checked in mono- and trimeric PEC. From Table 3 it 
can been seen that there are indeed qualitatively similar 
effects. The monomer gave also quantitatively very similar 
phenomena as its a-subunit. However, trimeric PEC dis- 
played a quantitatively different behavior. After modifica- 
tion with PCMS, its reversible photochemistry became 
Table 3 
Effect of PCMS and ME on 
monomeric PEC and of the 
the reversible photochemistry of trimeric and 
fl-subunit 
Sample Area x (nm) AAA[ (%) AAAI n a (%) 
Trimer 575 8 0 
+ ME 575 8 0 
Trimer 575 7 0 
+ PCMS 572 50 0 
+ ME 575 10 0 
Monomer b 572 39 0 
+ PCMS 573, 607 9 3 
+ ME 572 37 0 
fl-PEC 596 0.6 
/3-PEC c 597 0.7 
+ KSCN(1 M) 602 0 
+ PCMS 608 3 
+ ME 603 0 
Conditions as in Table 1. All data were obtained = 30 min after addition 
of PCMS and ME, when absorption spectra were stable. 
a Reversible absorption change due to PCB chromophore after subsequent 
treatment with 600 and 660 nm light (see text and Fig. 5). 
b Momomerized by addition of KSCN to 1 M to trimer. 
c Pretreated with ME (5 mM). 
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Fig. 5. Light induced ifference spectra ofmonomeric PEC in KPP buffer 
(100 mM, pH 7.0) containing KSCN (1 M) after addition of PCMS. Prior 
to the treatment, the sample was saturatingly irradiated with 570 nm light. 
Irradiation cycle 500-570-600-660-600-570-500 nm: Heavy line: 500 
nm minus 570 nm irradiation; thin line: 600 nm minus 660 nm irradia- 
tion. 
larger (AAA~ = 50%!), and even larger than that of the 
monomer. It has been shown previously that the type I 
photochemistry and aggregation are mutually dependent. 
The situation may even be more complicated, because the 
oxidation effect was unknown at that time [10]. 
It should finally be noted that the fl-subunit and the 
monomer prepared in 1 M KSCN, a common reagent for 
monomerization f biliproteins (Ref. [3], pp. 54ff), exhib- 
ited yet another type of reversible photochemstry after 
treatment with PCMS (see Fig. 7). Through control experi- 
ments (reversible photochemistry of fl-PEC under similar 
conditions 7, see Table 3) and an irradiation cycle involv- 
ing one step at longer wavelengths (500-570-600-660- 
600-570-500 nm), the photochemistry of monomeric PEC 
was shown to contain two contributions. One is the re- 
versible type II photochemistry associated with the a-sub- 
unit, i.e., with the contained PVB chromophore, and the 
other must arise from the /3-subunit, i.e., from the phyco- 
cyanobilin (PCB) chromophore(s) (thin line in Fig. 5). 
Photochemistry of this chromophore under a variety of 
partly denaturing or disaggregating conditions has been 
studied by several groups (see Refs. [15] and [27]). This 
reaction was not studied further in PEC. 
4. D iscuss ion  
According to the results presented, the PEC a-subunit 
can exist in four states: Z-a l, E-a I, Z-all and E-a n (see 
footnote 5 and Fig. 6). The absorption and CD spectra of 
7 This reversible photochemistry of a PCB-chromophore in PEC is 
similar to that of PC, and also involves most likely Z/E-isomerization 
[15]. However, there the PC photochemistry is only partly reversible. 
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Fig. 6. Pure states of a-PEC, and the interconversion conditions and 
pathways between them. See text for details. 
the pure states are shown in Fig. 4, and the difference 
absorption spectra of the two reversible photoreactions in 
Fig. 7. These four states are mutually pairwise related by 
the configuration of the chromophore atthe A15,16-double 
bond (Z or E), and by their photochemical properties (type 
I and type II photochemistry) which in turn are determined 
by the state of the two cysteines at position 98 and 99. If 
both cysteines are reduced, a-PEC exhibits type I photo- 
chemistry, which interconverts states Z-a~ and E-aft if 
they are oxidized or at least one of them is modified by 
reaction with PCMS, a-PEC exhibits type II photochem- 
istry which interconverts Z-a. and E-a n. All four states 
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Fig. 7. Thin line: Difference spectrum (irradiation at 570 minus irradia- 
tion at 600 nm) of ot-PEC in KPP buffer (100 mM, pH 7.0), 'reduced' 
with mercaptoethanol. This spectrum corresponds to pure type I re- 
versible photochemistry. Heavy line: Difference spectrum of the sample 
modified with PCMS (irradiation at 500 nm minus irradiation at 570 nm), 
which is characteristic of type II of reversible photochemistry. Irradiation 
cycle 500-570-600-570-500 nm. 
are stable in the dark. The states differing by the configura- 
tions of the chromophore are readily reconciled, configura- 
tional isomerization i  free bilins is widespread [28-30], 
albeit inhibited in most biliproteins (except the phy- 
tochromes and phycochromes) [31,32]. States differing by 
the condition of the SH-group(s) are frequent in many 
polypeptides and can be involved in enzymatic ontrol. 
Most phycobiliprotein subunits contain cysteine residues, 
and modifications with mercurials have distinct effects on 
chromophore spectra nd conformation [33-38], (see also 
Ref. [3], pp. 138ff). In native biliproteins, the chro- 
mophores and the chromophore-binding cysteines are inert, 
and the effects are attributed to conformational changes 
induced by modification of nearby free cysteine-SH groups. 
This has in fact been used to assign particular chro- 
mophores to their absorptions [36,37]. In PEC, the nearest 
distance between the SH-groups located at the end of helix 
E and the beginning at the turn connecting to helix F, and 
the chromophore located at the other end of helix E, is 1.5 
nm [39]: any influence on the photochemistry has therefore 
to be classified as an indirect or 'allosteric' effect. It 
controls not so much the reactivity of the chromophore, 
which can undergo Z/E isomerization irrespective of the 
state of the SH-groups, even to a similar degree, but it 
does control the spectral properties of the two isomers. The 
absorption and CD spectra are fairly similar for the Z 
isomer, but differ considerably for E-a  I and E-a, (Fig. 
4). 
The isomerization of the chromophore is expected to 
require a considerable r action volume. Although the chro- 
mophore is located on or close to the protein surface, it is 
in close contact with the latter, and its ring D, which has to 
rotate during isomerization, is intercalated between aro- 
matic residues [39] (see also [40,41]). The restricted con- 
formational freedom may also be the reason that no signifi- 
cant change in linear dichroism has been found in PEC 
[42], between what we would now call s tates  Z-or I and 
E-a~. Obviously, such a rotation of ring D is nonetheless 
possible in the states differing by the status of the SH- 
groups (I and II), because similar Z/E equilibria are 
attainable. The spectra of bilins can be effected by several 
means in a very pronounced way, these include their 
conformation, their state of protonation, local charges in 
the environment, and excitonic oupling with nearby other 
chromophores. Scharnagl and Schneider [43] have shown 
for both subunits of phycocyanin that the spectral proper- 
ties of the chromophores can be described in terms of 
microheterogeneities involving all these factors. Assuming 
a similar microheterogeneity in a-PEC, the effect of SH- 
modification can then be rationalized by redistributing the 
subpopulations. This effect is obviously more pronounced 
for the sterically more demanding E-chromophore [28]. 
While the absorption and CD spectra of the E-ai-state 
show line-shapes similar to that of other biliprotein chro- 
mophores, that of the E-otii-state is broad and structured, 
indicating a pronounced heterogeneity. It should be noted 
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that phenomenologically the light-induced type II differ- 
ence spectrum (heavy line in Fig. 7) is reminiscent of that 
seen in some spectral hole burning experiments [31], al- 
though the sub-states involved here at ambient temperature 
must be of different molecular origin. It should also be 
noted that, in contrast to most Z/E-isomerizations, there is 
no or only a little blue-shift when going from the Z-(Z-a H) 
to the E-isomer (E-an). The only other well documented 
exception is phytochrome, where even a red-shift of un- 
known origin is observed [29]; the type II photoreaction is 
in this respect intermediate b tween type I of PEC, and the 
phytochrome r action. 
Another intriguing effect is that two quite different 
modifications of the cysteines 98 and 99, e.g., oxidation 
and binding of PCMS, lead to very similar chromophore 
changes if judged from the very similar absorption and CD 
spectra (Fig. 4). Moreover, it appears from the titration 
data that modification of either Cys-98 or Cys-99 brings 
about the same or at least a very similar effect. The 
long-range ffect of the cysteines on the chromophore 
more than 1.5 nm away, must then be a more general one. 
Although the X-ray structures of phycobiliproteins, includ- 
ing that of PEC from Mastigocladus laminosus, are well 
known [39], one can only speculate on the effects. One 
such mechanism would be a disturbance of the loop struc- 
ture between helices E and F, and a concomitant disloca- 
tion of one or both of them as a whole. In the case of 
PCMS, this could be induced by steric hindrance of the 
large reagent. In the case of oxidation, a conformational 
change in the loop is required, too. The S-atoms of the two 
neighboring cysteines, Cys-98 and -99, are 0.65 nm apart, 
and can only approach by rotation (in the densely packed 
interior of the polypeptide) about the C,~-Cl-bond to a 
distance < 0.3 nm, which is close enough for disulfide 
bond formation. A more detailed study of this effect by 
molecular modeling and site directed mutagenesis is under- 
way. 
In summary, the PEC ot-subunit has a surprisingly 
complex photochemistry. Due to the built-in chromophore 
as a sensitive reporter group, it is suitable for the investiga- 
tion of the intricacies of pigment protein interactions in 
biliproteins. The concept of microheterogeneity, used here 
to rationalize the results, has also more general implica- 
tions; PEC is therefore an interesting subject in its own 
right. It is at present still uncertain whether the complex 
photochemistry of PEC has also biological implications, 
for example, whether the pigment is involved in chromatic 
adaptation or any other photomorphogenesis in cyano- 
bacteria. 
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